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Most introductory quantum physics instructors would agree that transitioning students from
classical to quantum thinking is an important learning goal, but may disagree on whether or how
this can be accomplished. Although (and perhaps because) physicists have long debated the physical
interpretation of quantum theory, many instructors choose to avoid emphasizing interpretive themes;
or they discuss the views of scientists in their classrooms, but do not adequately attend to student
interpretations. In this synthesis and extension of prior work, we demonstrate: (1) instructors
vary in their approaches to teaching interpretive themes; (2) different instructional approaches have
differential impacts on student thinking; and (3) when student interpretations go unattended, they
often develop their own (sometimes scientifically undesirable) views. We introduce here a new
modern physics curriculum that explicitly attends to student interpretations, and provide evidence-
based arguments that doing so helps them to develop more consistent interpretations of quantum
phenomena, more sophisticated views of uncertainty, and greater interest in quantum physics.
PACS numbers: 01.40.Fk, 01.40.Ha, 03.65-w
I. INTRODUCTION
“Why do some textbooks not mention Com-
plementarity? Because it will not help in
quantum mechanical calculations or in set-
ting up experiments. Bohr’s considerations
are extremely relevant, however, to the sci-
entist who occasionally likes to reflect on the
meaning of what she or he is doing.”
- Abraham Pais [1]
There have been numerous studies of student reason-
ing and learning difficulties in the context of quantum
physics [2–8], as well as related efforts to transform in-
structional practices so as to improve learning outcomes
[9–12]. However, relatively little attention has been paid
to the intersection of mathematics, conceptual framing
and classroom practices, and how these impact students’
understanding of quantum phenomena [13–15].
In education research, the term hidden curriculum gen-
erally refers to aspects of science and learning that stu-
dents develop attitudes and opinions about, but are pri-
marily only implicitly addressed by instructors [16]. Stu-
dents may hold a variety of beliefs regarding the relevance
of course content to real-world problems, the coherence of
scientific knowledge, or even the purpose of science itself,
Lorem ipsum dolor sit amet, consectetur adipiscing elit. Ut lec-
tus nisl, vestibulum et rutrum vel, hendrerit nec dolor. Etiam
dignissim, augue ut faucibus vehicula, neque lacus consectetur
neque, ac ullamcorper leo tellus ac eros. Maecenas.
depending (in part) on the choices and actions of their
instructors. Research has demonstrated that student at-
titudes tend to remain static or become less expert-like
when instructors do not explicitly attend to them [16, 17].
The physical interpretation of quantum theory has al-
ways been a controversial topic within the physics com-
munity, from the Bohr-Einstein debates [18, 19] to more
recent disagreements on whether the quantum state is
epistemic or ontic [20, 21]. Although physicists have
historically, as part of the discipline, argued about the
nature of science, and the relationship between mathe-
matical representations and the physical world, there is
a fairly common tendency for instructors to de-emphasize
the interpretive aspects of quantum mechanics in favor
of developing proficiency with mathematical tools. At
the same time, other instructors may highlight the views
of scientists in their classrooms, but do not adequately
attend to student interpretations.
In other words, interpretation is typically a hidden
aspect of quantum physics instruction, in the following
sense: (a) it is often treated superficially, in ways that
are not meaningful for students beyond the specific con-
texts in which the discussions take place; (b) students
will develop their own ideas about quantum phenomena,
particularly when instructors fail to attend to them; and
(c) student interpretations tend to be more novice-like
(intuitively classical) in contexts where instruction is less
explicit [22, 23].
This paper synthesizes and extends prior work [22–
26] to provide evidence-based arguments for an instruc-
tional approach that emphasizes the physical interpre-
tation of quantum mechanics. To be clear, we are not
advocating for more discussions of Schro¨dinger’s Cat in
the classroom, but rather a greater emphasis on (for
example) providing students with the conceptual tools
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2and language to identify and articulate their own in-
tuitions and beliefs about the classical world; and pre-
senting them with experimental evidence that unambigu-
ously challenges those assumptions. We are also arguing
for a re-evaluation of the usual learning goals for intro-
ductory quantum physics courses, so that mathematical
tools are developed alongside conceptual understanding,
rather than emphasizing calculation with the hope that
students eventually come to understand what the quan-
tum state might actually represent.
We present below an analysis of student data demon-
strating the differential impact on student thinking
of three different approaches to teaching interpretive
themes in quantum mechanics. One of the key findings
is that students can be influenced by explicit instruc-
tion, but they frequently default to an intuitively clas-
sical perspective in a context where instruction was less
explicit. These results have motivated the development
of a research-based modern physics curriculum that at-
tends to student interpretations throughout the course.
We provide a summary overview of this curriculum, and
present comparative studies demonstrating that our stu-
dents developed more consistent interpretations of quan-
tum phenomena, more sophisticated views of uncertainty,
and greater interest in quantum physics. We then revisit
some of the reasons instructors choose to de-emphasize
quantum interpretations, and discuss the broader impli-
cations of these choices for our students.
II. BACKGROUND AND COURSES STUDIED
The University of Colorado Boulder (CU) offers two
versions of its calculus-based modern physics course each
semester: one section for engineering students, and the
other for physics majors. Both are delivered in large-
lecture format (N∼50−150), and typically cover the same
general topics, spending roughly a quarter of the 15-week
semester on special relativity, and the rest on introduc-
tory quantum mechanics and applications. We have pre-
sented data from both types of courses in prior work
[22, 23], but every course to be discussed in this article is
of the engineering kind, so that meaningful comparisons
can be made between similar student populations.
In 2005, a team from the physics education research
(PER) group at CU introduced a transformed curricu-
lum for the engineering course that incorporated interac-
tive engagement techniques (clicker questions, peer in-
struction and computer simulations), and emphasized
reasoning development, model building, and connections
to real-world problems [9]. This new curriculum did
not include relativity because the engineering faculty at
CU felt that mechanical and electrical engineering stu-
dents would benefit from learning more about modern
devices and the quantum origin of material structure.
These course transformations, first implemented during
the 2005/6 academic year, were continued in the follow-
ing year by another PER group member (author:NF).
Subsequent instructors used many of these course materi-
als and instructional strategies, but returned to including
relativity in the curriculum.
A. Characterization of Instructional Approaches
Our initial studies collected data from modern physics
courses at CU during the years 2008-10. With respect
to interpretation, the instructional approach for each of
these courses can be characterized as being either Re-
alist/Statistical, Matter-Wave or Copenhagen/Agnostic.
These characterizations are based on classroom obser-
vations, an analysis of course materials, and interviews
with the instructors; they are not necessarily reflective
of each instructor’s personal interpretation of quantum
physics, but rather whether and how they attended to
interpretive themes in their teaching. In this section, we
focus on three individual instructors (A, B & C), each
of whom is representative of one of the three categories
named above, as described in detail below.
These categories certainly do not encompass all the
ways instructors might teach quantum interpretations,
but they can be reasonably applied to every modern
physics offering at CU during this time period, and we
anticipate that most readers who have taught introduc-
tory quantum mechanics will recognize some similarity
between their own approaches and those described below.
We are aware of other perspectives on teaching quantum
physics that do not fit within these categories [27–30],
but there are no published studies of their respective im-
pacts on student learning; and still more interpretations
of quantum theory exist [31–35], but we do not know of
any literature describing their use in the classroom.
These different approaches to teaching interpretation
can be best illustrated by how each instructor dis-
cussed the double-slit experiment with single electrons,
though we have also taken into account instances in
other contexts, and the frequency of such discussions
throughout the semester [22]. When this experiment is
performed with a low-intensity beam, each electron will
register individually at the detector, yet an interference
pattern will still be seen to develop over time [36, 37].
[See Fig. 1.] Interference is a property associated
with waves, whereas localized detections indicate a
particle-like nature. Different instructors will teach
different interpretations of this result to their students,
depending on their personal and pedagogical preferences.
Realist/Statistical (R/S): Instructor A told students
that each electron must pass through one slit or the other,
but that it is impossible to determine which one without
destroying the interference pattern. Beyond this partic-
ular context, he also explained that atomic electrons al-
ways exist as localized particles, and that quantized en-
ergy levels represent the average behavior of electrons
(because they are found to have a continuous range of
energies when the measurement timescale is short com-
3FIG. 1. Buildup of an electron interference pattern. Single
electrons are initially detected at seemingly random places,
yet an interference pattern is still observed after detecting
many electrons [36].
pared to the orbital period, as enforced by the uncer-
tainty principle). During class, Instructor A referred to
this as his own interpretation of quantum mechanics, one
that other physicists might disagree with, and there was
no discussion of alternatives to the perspective he was
promoting.
To clarify, the label Realist/Statistical is being used
here to denote a perspective wherein quanta exist as lo-
calized particles at all times, and the quantum state only
encodes probabilities for the outcomes of measurements
performed on an ensemble of identically prepared systems
[38]. This is somewhat different from the purely statisti-
cal interpretation described by Mu¨ller and Weisner [13],
who emphasized in their course that “...classically well-
defined dynamic properties such as position, momentum
or energy cannot always be attributed to quantum ob-
jects.”
This local and realist perspective aligns with the na¨ıve
interpretations that many introductory students con-
struct when first trying to make sense of quantum phe-
nomena. Although it is less favored than other interpre-
tations with regard to instruction, it does have its advo-
cates. For example, L. E. Ballentine uses the double-slit
experiment in the introductory chapter of his graduate
textbook to motivate an ensemble interpretation of quan-
tum mechanics:
“When first discovered, particle diffraction
was a source of great puzzlement. Are ‘par-
ticles’ really ‘waves’? In the early experi-
ments, the diffraction patterns were detected
holistically by means of a photographic plate,
which could not detect individual particles.
As a result, the notion grew that particle and
wave properties were mutually incompatible,
or complementary, in the sense that differ-
ent measurement apparatuses would be re-
quired to observe them. That idea, however,
was only an unfortunate generalization from a
technological limitation. Today it is possible
to detect the arrival of individual electrons,
and to see the diffraction pattern emerge as
a statistical pattern made up of many small
spots. Evidently, quantum particles are in-
deed particles, but particles whose behavior
is very different from what classical physics
would have led us to expect.” [39]
Ballentine assumes that localized detections imply
the electrons were localized throughout the experiment,
always passing through one slit or the other, but not
both. He explains diffraction patterns in terms of a
quantized transfer of momentum between a localized
particle and a periodic object.
Matter-Wave (MW): From a Matter-Wave perspec-
tive, the wave function is (for all intents and purposes)
physically real: each electron is a delocalized wave as it
propagates through both slits and interferes with itself;
it then randomly deposits its energy at a single point in
space when it interacts with the detector. The collapse
of the wave function is viewed as a process not described
by the Schro¨dinger equation, in which the electron phys-
ically transitions from a delocalized state (wave) to one
that is localized in space (particle) [40].
This is how Instructor B described this experiment
during lecture, though he did not frame this discussion in
terms of scientific modeling or interpretation, but rather
presented students with (what he considered to be) suf-
ficient experimental evidence in support of this view. As
he explained in a post-instruction interview:
“This image that [students] have of this
[probability] cloud where the electron is lo-
calized, it doesn’t work in the double-slit ex-
periment. You wouldn’t get diffraction. If
you don’t take into account both slits and
the electron as a delocalized particle, then
you will not come up with the right obser-
vation, and I think that’s what counts. The
theory should describe the observation appro-
priately.”
Instructor B devoted classtime to interpretive themes
at the beginning and very end of the quantum physics
section of his course, but much less so in between (e.g.,
when teaching the Schro¨dinger atomic model), with the
presumption that students would generalize these ideas
to other contexts on their own. Of the various courses
discussed in this paper, the quantum physics portion of
Instructor B’s course is the most similar to the original
transformed curriculum developed in 2005.
Copenhagen/Agnostic (C/A): The standard Copen-
hagen interpretation [41] would say this experiment re-
veals two sides of a more abstract whole; an electron is
neither particle nor wave. The dual use of (classically)
distinct ontologies is just a way of understanding the be-
havior of electrons in terms of more familiar macroscopic
concepts. A wave function is used to describe electrons
as they propagate through space, and the collapse pos-
tulate is invoked to explain localized detections, but any
switch between ‘particle’ and ‘wave’ occurs only in terms
of how the electron is being represented. The wave func-
tion is nothing more than a mathematical construct used
to make predictions about measurement outcomes, with-
out reference to any underlying reality.
4Instructor C stated that a quantum mechanical wave
of probability passed through both slits, but that asking
which path an individual electron took without placing a
detector at one of the slits is an ill-posed question at best.
The instructional emphasis for this topic was on calculat-
ing features of the interference pattern (determining the
locations of maxima and minima), rather than physically
interpreting the results. This mostly pragmatic approach
to instruction is also exemplified by a quote from a dif-
ferent instructor (in a class for physics majors), who was
asked during lecture whether particles have a definite but
unknown position, or have no definite position until mea-
sured:
“Newton’s Laws presume that particles have
a well-defined position and momentum at all
times. Einstein said we can’t know the posi-
tion. Bohr said, philosophically, it has no po-
sition. Most physicists today say: We don’t
go there. I don’t care as long as I can calcu-
late what I need.”
The terms Copenhagen and Agnostic are being used
jointly here to denote an instructional approach that is
consistent with the Copenhagen interpretation, but de-
emphasizes the interpretative aspects of quantum theory
in favor of its predictive power (“Shut up and calculate!”
[42]); this should not to be confused with giving students
a formal introduction to Bohr’s stance on complementar-
ity and counterfactual definiteness.
The purpose of this paper is not to debate the rela-
tive merits of these interpretations, but rather to explore
the pedagogical implications of their use in the class-
room. Some key points to keep in mind are that the
Realist/Statistical approach treats quantum uncertainty
as being due to classical ignorance, and is aligned with
students’ intuitions from everyday experience and prior
instruction. From a Matter-Wave perspective, quantum
uncertainty is a fundamental consequence of a stochastic
reduction of the state upon interaction with a measure-
ment device. A Copenhagen/Agnostic instructor may
regard quantum uncertainty as being fundamental, but
generally considers such issues to be metaphysical in na-
ture.
B. Initial Data Collection and Results
At the beginning and end of most of the modern
physics courses offered at CU during this time period,
students were asked to fill out an online survey designed
to probe their interpretations of quantum phenomena.
The survey consisted of a series of statements, to which
students responded using a 5-point Likert scale (from
strong agreement to strong disagreement); an additional
textbox accompanied each statement, asking them to
provide the reasoning behind their responses. In this
paper, the agree and strongly agree responses have been
collapsed into a single category (agreement), and simi-
larly for disagree and strongly disagree.
Students were typically offered nominal extra credit
for completing the survey, or it was assigned in a home-
work set with the caveat that full credit would be given
for providing thoughtful answers, regardless of the actual
content of their responses. The beginning of the sur-
vey emphasized that we were asking students to express
their own beliefs, and that their specific answers would
not affect any evaluation of them as students. A few of
the modern physics instructors were reluctant to provide
academic credit for completing the survey; response rates
from those courses were too low to be of use.
Some of the survey statements have evolved over time,
primarily in the early stages of our research. Modifica-
tions were generally motivated by a fair number of stu-
dents providing reasoning that indicated they were not
interpreting the statements as intended. We conducted
validation interviews with 19 students in 2009 [25], after
which the phrasing has remained essentially unchanged.
The student data presented in this paper were all col-
lected from modern physics courses for engineers after
the validation interviews took place.
An additional essay question at the end of the post-
instruction survey presented statements made by three
fictional students regarding their interpretation of how
the double-slit experiment with single electrons is de-
picted in the PhET Quantum Wave Interference simu-
lation [43] (as shown in Fig. 2):
Student 1: The probability density is so
large because we don’t know the true posi-
tion of the electron. Since only a single dot
at a time appears on the detecting screen, the
electron must have been a tiny particle, trav-
eling somewhere inside that blob, so that the
electron went through one slit or the other on
its way to the point where it was detected.
Student 2: The blob represents the electron
itself, since an electron is described by a wave
FIG. 2. A sequence of screen shots from the Quantum Wave
Interference PhET simulation [43]: (A) a bright spot emerges
from an electron gun; (B) passes through both slits; and (C)
a single electron is detected on the far screen (highlighted
in this figure by the circle). After many electrons, a fringe
pattern develops (not shown).
5packet that will spread out over time. The
electron acts as a wave and will go through
both slits and interfere with itself. That’s
why a distinct interference pattern will show
up on the screen after shooting many elec-
trons.
Student 3: Quantum mechanics is only
about predicting the outcomes of measure-
ments, so we really can’t know anything
about what the electron is doing between be-
ing emitted from the gun and being detected
on the screen.
Respondents were asked to state which students (if
any) they agreed with, and to explain their reasoning.
Generally speaking, aggregate responses for individual
courses were similar to other courses that fell within the
same category (R/S, MW or C/A). Focusing on just the
three courses described above, Instructor A’s students
were as likely to express a preference for the R/S state-
ment (Student 1) as they were to prefer the C/A stance
(Student 3); they were also the least likely group to prefer
the MW description (Student 2). Over half of Instructor
B’s students aligned themselves with the MW perspective
on this experiment, whereas Instructor C’s students were
(within statistical error) evenly split among the three.
[Fig. 3.]
These results stand in contrast to responses from the
same students to the statement: When not being ob-
served, an electron in an atom still exists at a definite
(but unknown) position at each moment in time. A signif-
icant majority of the students from Instructor A’s course
expressed agreement with this statement; however, agree-
ment was also the most common response in both of the
other courses. [Fig. 4.]
Regardless of how one chooses to teach quantum
FIG. 3. Post-instruction student responses to the double-
slit essay question for courses A, B & C, where the labels
R/S, MW and C/A refer to the instructional approach of
each course, but also to each of the three statements in the
essay question for which students expressed a preference. N
= 64 (A), 133 (B) & 46 (C); error bars represent the standard
error on the proportion.
FIG. 4. Post-instruction student responses for courses A, B
& C. Students indicated whether they agreed, disagreed, or
felt neutral about the statement: When not being observed,
an electron in an atom still exists at a definite (but unknown)
position at each moment in time. N = 69 (A), 135 (B) & 47
(C); error bars represent the standard error on the proportion.
physics, we believe most instructors would want their
students to disagree with the statement: The probabilis-
tic nature of quantum mechanics is mostly due to the
limitations of our measurement instruments. For this
statement, students from Instructor A’s course tended
to agree, most of Instructor B’s students preferred to
disagree, and Instructor C’s students were evenly split
among the three possible responses. [Fig. 5.]
In addition to learning course content, the promotion
of student interest in quantum physics is also a common
goal of instruction. We measured this via responses to the
statement: I think quantum mechanics is an interesting
subject. [Fig. 6.] There is some variance between the
three courses at post-instruction, but these differences
are not statistically significant (χ2(4) = 3.05, p = 0.55).
FIG. 5. Post-instruction student responses for courses A, B
& C. Students indicated whether they agreed, disagreed, or
felt neutral about the statement: The probabilistic nature of
quantum mechanics is mostly due to the limitations of our
measurement instruments. N = 69 (A), 135 (B) & 47 (C);
error bars represent the standard error on the proportion.
6FIG. 6. Post-instruction student responses for courses A, B
& C. Students indicated whether they agreed, disagreed, or
felt neutral about the statement: I think quantum mechanics
is an interesting subject. N = 69 (A), 135 (B) & 47 (C); error
bars represent the standard error on the proportion.
C. Discussion
The results presented above demonstrate that different
instructional approaches with respect to interpretation
can have different, measurable impacts on student think-
ing. Moreover, they illustrate the contextual nature of
students’ conceptions of quanta, and imply that within
specific contexts those conceptions are influenced most
by explicit instruction.
Instructors A and B both taught their own physical
interpretations of the double-slit experiment, and the
most common responses from their respective students
are aligned with that instruction. At the same time,
there was no bias among Instructor C’s students towards
any particular stance, which would be consistent with
his approach if one were to characterize it as not teach-
ing any particular interpretation. This result by itself
is not sufficient to establish a direct link between this
survey outcome and an instructor’s lack of emphasis on
interpretation, but similar results have been seen in the
past in other C/A courses taught at CU [22].
Only Instructor A discussed his interpretation of
atomic electron orbitals during lecture, and the post-
instruction responses from his students are consis-
tent with that instruction. Neither Instructors B nor
C brought up interpretive issues when teaching the
Schro¨dinger model of hydrogen, and the post-instruction
responses from their students demonstrate a similar,
though less strong, bias towards thinking of them as lo-
calized particles.
Our conclusions about the contextual nature of stu-
dent thinking are further supported by our validation in-
terviews, which indicated that students frequently mod-
ify their conceptions of quanta in a piecewise manner,
both within and across contexts, often without looking
for or requiring internal consistency. Even when their in-
structors de-emphasized interpretation (explicitly or oth-
erwise), students still developed a variety of ideas about
quantum phenomena, some of which were highly nu-
anced, and others that emerged spontaneously as a form
of sense making [25].
The results for the statement about the probabilistic
nature of quantum mechanics are reminiscent of those
for the double-slit experiment essay question, in that the
outcomes for courses A & B were consistent with the in-
terpretive approaches of their respective instructors. The
majority of students from the R/S course agreed with a
statement that implies the use of probabilities to describe
measurement outcomes stems from classical ignorance,
whereas students from the MW course were most likely
to disagree. Instructor C’s students were again, within
statistical error, evenly split among the three possible
responses.
As for student interest, we note that in each case at
least a quarter of students chose not to agree that quan-
tum mechanics was interesting to them after a semester of
instruction. For all three courses, the most common rea-
sons provided for giving a negative response were not per-
ceiving the relevance of quantum physics to the macro-
scopic world, or to their training as engineers. Among all
the students’ responses for each course, very few (if any)
specifically mentioned the teaching style or the structure
of the course as having influenced their opinion, whether
positive or negative; however, this does not necessarily
mean these factors had no impact on student affect.
Although we have not presented pre-instruction data
in this section, these cohorts represent similar student
populations, and the available data indicate there are no
statistically significant differences between them at the
beginning of the semester in terms of aggregate responses
to these same survey statements. As demonstrated in the
next section, these three courses are not similar in terms
of the ways in which students shifted in their responses
between pre- and post-instruction. We compare these
shifts with those from two additional courses that used
a curriculum designed to help students transition away
from local realist interpretations of quantum phenomena,
as well as promote greater interest in quantum physics.
III. CURRICULUM DEVELOPMENT AND
OUTCOMES
Informed by our research, we developed a new curricu-
lum that had multiple aims, among them: (i) make the
physical interpretation of quantum physics a topic unto
itself, and consistently attend to student interpretations
throughout the course; (ii) help students acquire the lan-
guage and resources to identify and articulate their own
(often unconscious) beliefs about reality and the nature
of science; and (iii) provide experimental evidence that
directly confronts their intuitive expectations. Although
we decided to promote a Matter-Wave perspective in this
class, students were in no way evaluated based on their
preferred interpretations. During in-class discussions, we
did not tell students they were necessarily wrong to make
7Section Topics
I. Classical and Semi-classical
Physics (Lectures 1-14)
Introduction, review of mathematics and classical E&M
Properties of waves, Young’s double-slit experiment
Photoelectric effect, photons, polarization
Atomic spectra, lasers, Bohr model
II. Development of Quantum
Theory (Lectures 15-25)
Atomic spin, Stern-Gerlach experiments, probabilistic measurements
EPR, entanglement, Local Realism, Complementarity
Single-photon experiments, electron diffraction, wave-particle duality
Wave functions, uncertainty principle, Schro¨dinger equation
III. Applications of Quantum
Mechanics (Lectures 26-40)
Infinite and finite square wells
Tunneling, STM’s, alpha decay
Hydrogen atom, periodic table, molecular bonding
Conductivity, semiconductors, diodes, transistors
Spin statistics, BEC, MRI
TABLE I. Topics covered in a modern physics course that emphasized the physical interpretation of quantum mechanics.
use of their classical intuitions as a form of sense mak-
ing, though we did our best to demonstrate that local
realist theories cannot reproduce all the predictions of
quantum mechanics. Our ultimate goal was for students
to be able to perceive the distinctions between different
perspectives, to recognize the advantages and limitations
of each, and to apply this knowledge in novel situations.
A. Course Overview
As with the other modern physics courses for en-
gineering majors described above, ours spanned a 15-
week semester, and consisted of large lectures meeting
three times per week. There were twice-weekly problem-
solving sessions staffed by the authors (acting as co-
instructors) and two undergraduate Learning Assistants
[44], who also helped facilitate student discussion dur-
ing lectures. A total of 13 weekly homework assign-
ments consisted of online submissions and written, long-
answer questions; there was a broad mixture of concep-
tual and calculation problems, both requiring short-essay,
multiple-choice, and numerical answers. We gave three
midterm exams outside of class, and there was a cumu-
lative final. At the end of the semester, in lieu of a long-
answer section on the final exam, students wrote a 2-3
page (minimum) essay on a topic of their choice, or a
personal reflection on their experience of learning about
quantum mechanics in our class (an option chosen by
∼40% of students).
Following the lead of the original course transforma-
tions, we omitted special relativity to win time for new
material, which was mostly placed in the middle of the
course. The progression of topics can be broken into three
main parts: (I) classical and semi-classical physics; (II)
the development of quantum theory; and (III) its appli-
cation to physical systems. A detailed explication of this
new curriculum and associated course materials [15, 45] is
beyond the scope of this article, but a summary overview
of the topic coverage can be found in Table I.
We augmented a number of standard topics (e.g., the
uncertainty principle, atomic models) with interpretive
discussions that had been missing in prior courses, and
introduced several new topics (e.g., entanglement, single-
photon experiments) that created additional opportuni-
ties for students to explore the differences between the-
ory, experimental data, and the physical interpretation of
both. We took a ‘spins first’ approach to Section (II) of
this curriculum by starting with two-level systems before
moving on to wave mechanics. We consider the mathe-
matical tools used in the former to be less complicated
than those of the latter, such that concepts can be ex-
plored without the need for lengthy calculations.
The new material in Section (II) was drawn from a
variety of sources, such as monographs [46–48], text-
books [49, 50], journal articles [36, 37] and popular sci-
ence writing [51, 52]. There were no textbooks covering
all of the relevant material, so we used a combination of
Vols. 3 & 5 of Knight [53], supplemented by other level-
appropriate readings. An online discussion board was
created so that students could anonymously post ques-
tions about these readings and provide answers to each
other, which granted us ample opportunity to gauge how
students were responding to topics that are not a part of
the standard curriculum.
One of our guiding principles was to present (as much
as possible) experimental evidence that either supported
or refuted different interpretations of quantum theory.
To illustrate how the topic of single-photon experiments
[48, 54] contributed to this objective, consider Fig. 7,
which depicts an idealized single-photon experiment in-
volving a Mach-Zehnder interferometer. When just a sin-
gle beam splitter is present (Experiment X), each photon
is recorded in either one detector or the other, but never
both; this result is often interpreted as meaning each pho-
ton took just one of the two paths with 50/50 probability.
When a second beam splitter is present (Experiment Y),
interference effects can be observed by modulating the
path length in just one of the arms of the interferometer.
This result can be interpreted as meaning each photon
took both paths simultaneously, even though they are in-
dividually recorded in just one of the two detectors, for
how can a change in just one of the paths otherwise effect
8FIG. 7. In each of these two experiments X (one beam split-
ter) & Y (two beamsplitters), a single photon (ν) is sent to
the right through the apparatus. M = Mirror, BS = Beam
Splitter, D = Detector, NC = Coincidence Counter.
the behavior of a photon that had supposedly only taken
the other?
Some physicists would say that whether the second
beam splitter is present or not determines whether the
photon takes both paths or just one. However, this ex-
planation seems dubious in light of delayed-choice ex-
periments [55], wherein the second beam splitter is ei-
ther inserted or removed after the photon has encoun-
tered the first beam splitter (the choice between configu-
rations takes place outside the light cone of the photon’s
encounter with the first beam splitter). Interference is
observed if the second beam splitter is present, and oth-
erwise not.
We taught our students that each photon always takes
both paths simultaneously, regardless of whether the sec-
ond beam splitter is present, as the most consistent way
of interpreting the action of the beam splitter on the
quantum state of the photon. On the other hand, we felt
that students should have multiple epistemological tools
at their disposal, so we also explained that which type of
behavior they should expect would depend on the “path
information” available. If it can be determined which
path a photon had taken (from a realist perspective),
there would be no interference; if not, then interference
effects will be observed. In doing so, we appealed to
students’ intuitions about classical particles (they are ei-
ther reflected or transmitted) and classical waves (they
are both reflected and transmitted). Note that similar
strategies can be employed with the double-slit experi-
ment.
These lectures were interspersed with clicker questions
that prompted students to debate the implications of
each experiment, and which provided an opportunity for
them to distinguish between a collection of data points
and an interpretation of what they signify. It is impor-
tant to emphasize that our interpretation-themed clicker
questions generally did not have a single “correct” an-
swer, such as the example shown in Fig. 8 (which does
contain at least one incorrect response). The purpose of
this question was to promote in-class discussion, and to
FIG. 8. Clicker question involving a Mach-Zehnder interfer-
ometer with a single-photon source, used during lecture to
generate in-class discussion about physically interpreting ex-
perimental data and mathematical representations.
elicit some of the ways students might interpret a math-
ematical representation of the photon’s quantum state
after encountering a beam splitter. As instructors, we
advocated for option (B) in this question, but we did not
tell students who disagreed that their preferred perspec-
tive was necessarily incorrect. As can be seen in this
figure, one of the ways we made this topic more acces-
sible to introductory students was to represent the state
of the photon after the beam splitter as a superposition
of the reflected and transmitted states, rather than the
more technically correct description as entangled with
the vacuum [56].
B. Comparative Outcomes
This new curriculum has thus far been implemented
twice at CU (denoted here as INT-1 & INT-2) with
similar results, presented below in terms of pre- and
post-instruction responses to the same three statements
discussed in the previous section, from students in the
R/S, MW, INT-1 and INT-2 courses. Examining these
shifts between the beginning and end of the semester fur-
ther illustrates the differential impact of different instruc-
tional choices. We were unable to collect pre-instruction
data from Instructor C’s course, but we can infer how
his students’ responses might have shifted if we assume
their pre-instruction responses would have been similar
to those from other modern physics courses for engineers.
In every case, results from the pre-instruction survey
were not discussed with students, who were also not told
they would be responding to the same survey questions
at the end the course. The pre/post-data sets below only
represent students for whom we were able to match pre-
and post-instruction responses, and not the full set of
responses. Table II shows the total number of students
enrolled in each course at the beginning of the semester,
the number of pre- and post-instruction survey response,
and the number of matched pre/post responses. For
every course, and for each statement, the distributions
9FIG. 9. Pre/post-instruction responses from four modern physics courses (as described in the text) to the statement: When
not being observed, an electron in an atom still exists at a definite (but unknown) position at each moment in time. N = 49
(A), 126 (B), 77 (INT-1) & 57 (INT-2).
Course Enrol. Pre Post Matched
A (R/S) 94 59 69 49
B (MW) 146 136 135 126
INT-1 106 93 91 77
INT-2 81 64 71 57
TABLE II. Total number of students enrolled at the start of
the semester for each course, along with the number of pre-
and post-instruction responses to the online survey, and the
number of pre/post-matched responses.
for matched responses are statistically indistinguishable
from the full pre- and post-data sets.
In addition to aggregate pre/post comparisons, we also
examine some of the dynamics in how students shifted
between the beginning and end of the semester. The vi-
sualizations shown in Figures 9 to 11 of these pre/post
shifts (inspired by the discussion in Ref. [57]) reveal de-
tails that would have been lost if only the initial and
final percentages were displayed. For example, 12% of
students in the R/S course disagreed with the statement
about atomic electrons at pre-instruction, and 12% also
at post-instruction, but these numbers do not represent
the same groups of students.
For each of the four courses, the circles on the left side
show the percentage of students who either agreed, dis-
agreed or felt neutral about the given statement at the
beginning of the semester, while the circles on the right
show the same at post-instruction. The area of each cir-
cle is proportional to the percentage of the total matched
responses for that course. In the space between these two
sets of circles, the three numbers associated with each cir-
cle on the left represent the percentage of pre-instruction
students in that group who shifted to each of the three
post-instruction responses, and the thickness of each ar-
row is proportional to the percentage of students involved
in that shift (relative to the total number of matched re-
sponses for that course). The three numbers associated
with each circle on the right represent the percentage of
students in that post-instruction group who came over
from each of the pre-instruction groups.
As a concrete example, for the R/S course shown in
Fig. 9 (Course A, upper-left corner), at the beginning of
the semester 61% of matched respondents agreed with
the statement about atomic electrons, 27% responded
neutrally and 12% disagreed. Of the group that had dis-
agreed with the statement at pre-instruction, a third of
them still disagreed at post-instruction, a third switched
from disagreement to agreement, and the remaining third
responded neutrally at the end of the semester. Of the
students who disagreed at post-instruction (also 12% of
the matched responses), 33% had disagreed at the be-
ginning of the semester, 50% had originally responded
neutrally and 17% had switched from agreement to dis-
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FIG. 10. Pre/post-instruction responses from four modern physics courses (as described in the text) to the statement: The
probabilistic nature of quantum mechanics is mostly due to the limitations of our measurement instruments. N = 49 (A), 126
(B), 77 (INT-1) & 57 (INT-2).
agreement.
We first note that for all four courses the pre-
instruction responses to the atomic electrons statement
are roughly equivalent; the differences between the four
are not statistically significant at the p < 0.05 level by
a χ2 test (p = 0.07). Almost every student in Course A
who had agreed at the start of the semester still agreed
at the end, the majority of those who had been neu-
tral switched to agreement, as well as a third of those
who had initially disagreed; there were fluctuations be-
tween responses, but the movement was predominantly
towards the upper right (agreement). For Course B, two
thirds of the students who had agreed at pre-instruction
also agreed at post-instruction, though a greater per-
centage of that group shifted towards disagreement than
for Course A. For the INT-1 & 2 courses, the domi-
nant tendency is a shift toward the lower right (disagree-
ment). Note also that, although the percentage of neutral
responses for INT-1 increased over the semester, most
of those neutral post-instruction responses were from
students who had initially agreed with the statement,
and most of those who had at first responded neutrally
switched over to disagreement.
Fig. 10 shows pre/post responses and shifts for the
statement about the probabilistic nature of quantum me-
chanics; again, the pre-instruction differences are not sta-
tistically significant (p = 0.54). The post-instruction dis-
tributions for all four courses are significantly different
(p = 0.001), but the differences between courses B, INT-
1 & 2 are not (p = 0.24). As with the atomic electrons
statement, the greatest tendency for Course A was a shift
towards the upper right (agreement); also, most of those
who felt neutral at the end of the semester had switched
from other categories, and most who were initially neu-
tral changed to agreement. On the other hand, a shift
towards post-instruction disagreement is predominant for
the other three.
Pre-instruction responses for the four courses regarding
student interest are not significantly different (p = 0.06),
but the post-instruction distributions are (p < 0.00001).
[Fig. 11.] Student interest in quantum mechanics de-
creased for Course A, and though the percentage express-
ing interest did increase in Course B, both A and B are
similar in terms of the amount of “cross-hatching” vis-
ible in the respective diagrams. Remarkably, virtually
every INT-1 student agreed at the end of the semester
that quantum mechanics is interesting, and only one stu-
dent switched from agreement to neutral. For the INT-2
course, not a single student reported a decrease in their
interest in quantum mechanics, and every student who
initially agreed continued to do so at the end of the
semester.
Although the post-instruction interest in quantum me-
chanics for INT-1 & 2 is significantly greater than for
Course B, the differential impact of these two types of in-
struction is less obvious because pre-instruction interest
11
FIG. 11. Pre/post-instruction responses from four modern physics courses (as described in the text) to the statement: I think
quantum mechanics is an interesting subject. N = 49 (A), 126 (B), 77 (INT-1) & 57 (INT-2).
was lower for Course B, and student interest did increase
in that course. The difference is more apparent if we un-
pack the agreement category into agreement and strong
agreement. Table III shows for each course the percent-
age of all matched students who either agreed or strongly
agreed at pre- and post-instruction. For the MW course,
those numbers remained essentially the same, whereas
students in the INT-1 & 2 courses became more emphatic
in their agreement that quantum mechanics is an inter-
esting subject. We conclude that this new curriculum
was not only successful in maintaining student interest,
but in promoting it as well.
Pre (%) Post (%)
Course Agree Strongly
Agree
Agree Strongly
Agree
A (R/S) 35 49 25 40
B (MW) 31 39 35 41
INT-1 32 53 20 78
INT-2 16 70 7 86
TABLE III. Percentage of matched students from each course
who at pre- and/or post-instruction either agreed or strongly
agreed with the statement: I think quantum mechanics is an
interesting subject
IV. SUMMARY AND DISCUSSION
We have frequently heard that a primary goal when
introducing students to quantum mechanics is for them
to recognize a fundamental difference between classical
and quantum uncertainty. The notorious difficulty of ac-
complishing this has led many instructors to view this
learning goal as superficially possible, but largely un-
achievable in a meaningful way for most undergraduate
students [58]. We believe our studies demonstrate oth-
erwise. By making questions of classical and quantum
reality a central theme of our course, and also by mak-
ing their own beliefs (and not just those of scientists) a
topic of discussion, we were able to positively influence
student thinking across a variety of measures. We have
presented data from several particular courses, but the
results reported here for the R/S, MW & C/A courses
are typical of other, similar courses that have been dis-
cussed elsewhere [22, 23].
The outcomes for Instructor A’s course were generally
aligned with his instructional approach: electrons are lo-
calized entities, and quantum uncertainty is not much
different from classical ignorance. While this is not a
particularly common way of teaching quantum physics,
there have been other instances at CU of a similar ap-
proach being taken, and we suspect this also occurs at
other institutions, and at a variety of levels of instruc-
tion. Understanding how this approach can impact stu-
dent thinking is therefore important, particularly when
12
it may negatively impact student affect.
We characterized Instructor B’s course as having ex-
plicitly taught an MW interpretation of the double-slit
experiment (though not framed as an interpretation),
but then de-emphasized interpretive themes in the lat-
ter stages of the semester. This is also reflected in the
outcomes for his course, in that students were likely to
have adopted his perspective in a context where the in-
struction had been explicit, but much less likely in an-
other context where it was not. The MW approach did
result in significant shifts in student perspectives on the
nature of quantum uncertainty (on par with the INT-1 &
2 courses), but was less successful than ours in promoting
and maintaining student interest.
With regard to the double-slit essay question and the
statement about the probabilistic nature of quantum me-
chanics, Instructor C’s approach resulted in the greatest
mixture of post-instruction responses, evenly distributed
across the three perspectives. The post-instruction dis-
tribution for the statement about atomic electrons is es-
sentially identical to the results from the MW course.
If we assume the pre-instruction responses would have
been similar to those for other engineering courses, the
C/A approach had little impact on students’ ideas about
atomic electrons, was not as successful as the MW & INT
courses at influencing their perspectives on quantum un-
certainty, and resulted in decreased interest in quantum
mechanics.
Even though Instructor B’s approach to interpretation
differed in obvious ways from Instructor C’s, it turns out
that pragmatism was also a motivating factor in his in-
structional choices. Because de-emphasizing the physical
interpretation of quantum mechanics is so common, it
is worthwhile to consider some of the reasons for this in
greater detail, as explained by Instructor B in an inter-
view at the end of the semester:
“This [probabilistic] aspect of quantum me-
chanics I feel is very important, but I don’t
expect undergraduate students to grasp it af-
ter two months. So that’s why I can un-
derstand why [the survey statement about
atomic electrons] was not answered to my sat-
isfaction, but that was not my primary goal of
this course, not at this level. We don’t spend
much time on this introduction to quantum
mechanics, and there are many aspects of it
that are significant enough at this level. It is
really great for students to understand how
solids work, how does conductivity work, how
does a semiconductor work, and these things
you can understand after this class. If all of
the students would understand how a semi-
conductor works, that would be a great out-
come. I feel that probably at this level, espe-
cially with many non-physics majors, I think
that’s more important at this point.
But still, they have to understand the prob-
abilistic nature of quantum mechanics, and I
hope, for instance, that this is done with the
hydrogen atom orbitals - not that everyone
would understand that, but if the majority
gets it that would be nice. These are very
hard concepts. At this level, I feel it should
still have enough connections to what they
already understand, and what they want to
know. They want to know how a semiconduc-
tor works, probably much more than where is
an electron in a hydrogen atom.
I don’t think the [engineering] students will
be more successful in their scientific endeav-
ors, whether it’s a personal interest or ca-
reer, by giving them lots and lots of infor-
mation about how to think of the wave func-
tion. The really important concept I feel is to
see that there is some sort of uncertainty in-
volved, which is new, which is different from
classical mechanics. [...] At the undergrad-
uate level, I feel it is important to make the
students curious to learn more about it, and
so even if they don’t understand everything
from this course, if they are curious about it,
that’s more important than to know where
the electron really is, I think.”
To summarize, Instructor B felt that understanding
the nature of uncertainty in quantum mechanics is an
important learning goal, but one that will likely not be
achieved by many students at this level. He assumed en-
gineering students would be more interested in the prac-
tical aspects of quantum physics. He said he would have
liked for his students to disagree with the idea of local-
ized atomic electrons, and yet ∼75% of them chose to not
disagree at the end of the semester.
If the aim of instruction is not necessarily a complete
understanding of the concepts, but for students to at least
come away with a continued interest in quantum physics,
then we would claim the INT-1 & 2 courses were more
successful in this regard. We should also not presume to
know exactly where the interests of our students lie. The
results from our implementations suggest that engineer-
ing students were in fact just as interested (if not more so)
in contemplating the nature of reality and learning about
applications of entanglement to quantum cryptography
as they were in learning about semiconductors. And fi-
nally, our students did learn about semiconductors, as
well as conduction banding, transistors and diodes.
Although transitioning students away from classical
perspectives was one of our goals, we would not connote
too much negativity with students relying on their intu-
ition as a form of sense making. Indeed, our approach
to teaching quantum interpretations frequently involved
an appeal to students’ understanding of classical systems
(e.g., particles are either transmitted or reflected; they
are localized upon detection), which in fact is consistent
with the Copenhagen interpretation. Everyday think-
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ing can be misleading in quantum physics, but that is
not a sufficient argument for the wholesale abandonment
of productive epistemological tools. What is important
is that students understand the limitations of these intu-
itive conceptions, and where they might lead them astray.
Just as important is the recognition that most modern
physics curricula ignore the fact that a “second quantum
revolution” has taken place in the last decades, due to
the realization of single-quanta experiments, and a corre-
sponding appreciation of the significance of entanglement
[59]. Ideas that were once relegated to the realm of meta-
physics are now driving exciting areas of contemporary
research, and it is possible to make these developments
accessible to introductory quantum physics students.
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